Background: Available agents within the integrase strand-transfer inhibitor (INSTI) class have been shown to lead to a faster decay in viral load than other regimens. Therefore, we estimated the potential reduction in HIV transmission risk among antiretroviral-naïve individuals initiating on INSTI-based antiretroviral therapy (ART), focusing on the gay, bisexual and other men who have sex with men (gbMSM) population and various degrees of sexual activity. Methods: Using two mathematical models that estimate the HIV transmission risk corresponding to different viral loads, we estimated the average probability of HIV transmission per risky contact for gbMSM during the six months post-ART initiation, stratified by stage of HIV infection, viral load at ART initiation and type of first-line ART (i.e., INSTI or non-INSTI-based ART). This study focused individuals who initiated ART between 2011 and 2016 with at least one year of follow-up in British Columbia, Canada. Findings: Time to first virologic suppression for INSTI-based regimens was 21.4 days (95% credible interval (CI) 19.9-23.2), compared to 58.6 days (95% CI 54.1-62.2) for non-INSTI regimens. We showed that INSTI-based regimens could reduce the HIV transmission risk by at least 25% among those with viral load ≥5 log 10 copies/mL at ART initiation. Interpretation: Initiating ART on INSTI-based regimens has the potential to reduce HIV transmission risk among individuals with high baseline viral load levels, especially among those with high levels of sexual activity.
Introduction
The natural history of HIV infection is characterized by a high degree of heterogeneity in plasma HIV-1 RNA (hereafter referred to as viral load) levels over time [1] . It has long been established that the rate of HIV transmission is strongly associated with viral load levels [2] [3] [4] . As such, the early and late stages of HIV disease are linked to high risk of transmission due to elevated viral load [1, 5] . It is estimated that for each 10-fold increase in viral load among people living with HIV/AIDS (PLWH), the risk of transmission increases by 2.5 times [4] . However, virologic suppression due to the consistent use of antiretroviral therapy (ART) has been shown to significantly reduce to zero the risk of sexual HIV transmission [6, 7] . Thus, ART induced virologic suppression represents an effective mechanism to prevent forward transmission of HIV [6, 8] .
The scaling-up utilization of modern ART has led to a dramatic reduction in HIV-related morbidity and mortality [9, 10] . Studies have shown that people who initiated ART at high CD4 cell counts were more likely to achieve virologic suppression at nine months [11] . Although most ART regimens may lead to virologic suppression, studies have shown that the rates of viral load decline vary between ART regimens due to the presence of drug resistance (transmitted or acquired) and sub-optimal adherence to ART [12] . Recently, studies have shown that PLWH initiating ART on integrase strand-transfer inhibitor-based (INSTI) regimens achieve virologic suppression more rapidly compared to other frequently used first-line regimens [13] . Therefore, INSTI-based 
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EClinicalMedicine j o u r n a l h o m e p a g e : h t t p s : / / w w w . j o u r n a l s . e l s e v i e r . c o m / e c l i n i c a l m e d i c i n e regimens have the potential to further reduce HIV transmission during the first months on ART. However, it is also well known that viral load is not the sole factor determining the risk of HIV transmission [14] . In the gay, bisexual and other men who have sex with men (gbMSM) population, studies have shown that increasing risk of HIV acquisition is evident among those with high frequency of virus exposure, i.e., high frequency of condomless anal intercourse with sero-discordant partners [15, 16] . In British Columbia (BC), the epidemic among the gbMSM population has been comparatively less responsive to the positive effects of ART (when used for treatment and not prophylaxis) in reducing transmission than other populations (mainly people who inject drugs (PWID)), even though this is the population that experiences the least attrition in the HIV care continuum due to a higher engagement into care and treatment response [17] . Therefore, we conducted the present study to estimate the potential reduction in HIV transmission risk among antiretroviral-naïve individuals initiating on INSTI-based antiretroviral therapy, focusing on the gbMSM population and various degrees of sexual activity.
Methods

Study data
Since 1992, the British Columbia Centre for Excellence in HIV/ AIDS Drug Treatment Program (DTP) has been responsible for the provision of free-of-charge ART, HIV medical care and laboratory monitoring services for all PLWH residing in BC as per the BC's HIV therapeutic guidelines [18] . This study was conducted using data from the HAART Observational Medical Evaluation and Research (HOMER) cohort of the DTP [19] . To include all individuals with INSTI-based regimen as first-line ART (raltegravir started in 2011, elvitegravir in 2013, and dolutegravir in 2014), those included in the analysis were ART-naïve adults (aged ≥ 19 years) who initiated treatment between January 1, 2011 and December 31, 2016. Individuals were followed for at least one year, determined by the end of the study period (December 31, 2017), the last contact date (i.e., the last available laboratory test date, the last filled ART prescription refill date or physician visit date), or the date of death (all-causes). Additionally, individuals enrolled in the study must have had a CD4 count and a viral load measurement within six months before ART initiation. CD4 cell counts were measured by flow cytometry, followed by fluorescent monoclonal antibody analysis (Beckman Coulter, Inc., Mississauga, Ontario, Canada). As CD4 tests are performed in different laboratories across BC, the DTP captures approximately 85% of all CD4 tests in BC. All viral load determinations in BC, performed using HIV-1 TaqMan Assay v2.0 (Roche Molecular Diagnostics, Laval, Quebec, Canada), are done at the St Paul's Hospital virology laboratory and automatically included in the DTP database. In BC, treatment guidelines recommend HIV drug resistance testing at baseline using Sanger sequencing, so a fully active ART regimen is prescribed. For regimen eligibility, ART was initiated with two nucleoside reverse transcriptase inhibitors (NRTI) as backbone, plus either a non-nucleoside reverse transcriptase inhibitor (NNRTI), a ritonavir-boosted protease inhibitor (bPI), or an INSTI; nonbackbone classes were held constant within one year since ART initiation. Ingredients within the INSTI class were analyzed together and separately. We did not include a small number of acutely infected individuals who initiated on INSTI and bPI simultaneously since we would not be able to differentiate between the effect of INSTI and of bPI.
Statistical methods
The following variables measured at ART initiation were investigated: age (19-29, 30-39, 40-49 , and ≥ 50), self-reported gender (male; female), self-reported HIV risk group (gbMSM; PWID; gbMSM/ PWID; other; and unknown), CD4 cell count (b 200, 200-349, 350-499, and ≥ 500 cells/mm [3] ), and log 10 -transformed viral load (b4, 4-5, and ≥5 log 10 copies/mL). We also considered the time from ART initiation to virologic suppression (1 month, 1-3 months, 3--6 months, and over 6 months or never suppressed). Virologic suppression was defined by two consecutive viral loads b200 copies/mL since ART initiation. Individuals with a single viral load b 200 copies/mL within six months were considered virologic suppressed if their next viral load was also b200 copies/mL. This threshold of suppression was chosen since a recent study showed no linked transmissions among gbMSM with a viral load b200 copies/mL [8] . The date of virologic suppression was determined by the date in which the first viral load was b200 copies/mL.
We compared the time from ART initiation to virologic suppression (1 month, 1-3 months, 3-6 months, and over 6 months or never suppressed) by INSTI type and other variables using Pearson's Chisquared test or Fisher's exact test depending on the cell size [20] . We modeled the change in viral load (log 10 transformed) for the first six months since ART initiation using Generalized Additive Models
Panel: Research in context
Evidence before this study
We searched for articles from PubMed and abstracts from the Conference on Retroviruses and Opportunistic Infections (CROI), the International AIDS Society (IAS) and AIDS conferences. We included combinations of the terms "integrase strand-transfer inhibitors", "INSTI", "Treatment as Prevention", "TasP", "HIV transmission", "gay, bisexual and other men who have sex with men", "gbMSM", "men who have sex with men", "MSM", "efficacy", "effectiveness", "risky sexual behaviour", "mathematical models", and "transmission probability". These studies have shown that Treatment as Prevention is still the most efficacious intervention to prevent onward HIV transmission in the gbMSM group. Additionally, it showed that INSTIs are currently the most efficacious antiretrovirals in achieving fast virologic suppression.
Added value of this study
To the best of our knowledge, this study is the first to use mathematical modeling to explore the potential impact of initiating gbMSM on INSTIs, as opposed to other antiretrovirals, in preventing HIV onward transmission among these individuals. We conducted this longitudinal cohort study in a setting with universal healthcare, where there are no financial barriers to access antiretroviral therapy. In this study, we also highlighted that this strategy is best suited for gbMSM presenting for treatment with high viral load, or during acute infection, and involved in risky sexual behaviour.
Implications of all the available evidence
In the TasP and U=U eras, there are still some population subgroups at a high risk of transmitting HIV, and thus not fully benefiting from modern antiretroviral therapy. The evidence provided in this study showed that for these strategies to be successful, treatment programs should focus on initiating gbMSM on INSTIs to lead to fast viral suppression and prevent onward HIV transmission.
(GAM), with a cubic spline basis [21] . Associated 95% Bayesian credible intervals (CI) were obtained based on the posterior predictive distribution. Estimation of the GAM occurred via a penalized likelihood approach that automatically determines a balance between goodness-offit and smoothness by penalizing excessive curvature in the fitted function [21] . Goodness-of-fit was assessed using R 2 , the percentage of the deviance explained, and the sum of the deviance residuals. All reported P-values are two-sided, and the level of significance was set at 5%. All statistical analyses were performed using R version 3.2.3, and GAM fitting was done using the mgcv library (functions gam, summary, gam.check, and residuals.gam).
Mathematical models
The relationship between viral load and HIV transmission risk, independently of the transmission probability across different risk populations (e.g., heterosexuals, gbMSM), was adapted from two previously established mathematical models (Fig. 1A ). The first model was developed by Wilson et al. which fits a linear trend in log-risk and logviral load [2] . This model was scaled to match the observed reduction in transmission risk in virologically suppressed individuals [6] , as well as the increase in transmission risk at high viral loads (i.e., up to 25 times higher risk in the early stage and up to six times higher risk in the late stage relative to the chronic stage) [22] . To assess the impact of ART initiation and fast viral load suppression on HIV transmission risk for different HIV acquisition risk groups, we introduced a quantitative measurement E, which was the product of the number of susceptible partners and the transmission probability for a given number of risky contacts per partner [2, 26] . E represents the average number of new HIV infections from an individual living with HIV for a specified period of time, considering their risk behaviour, their stage of HIV infection, and the change in viral load during this period, given by:
where T is the time during which we measure the HIV transmission risk, r(T) is the average number of risky contacts (e.g., condomless vaginal/ anal sex and needle sharing acts) per partner during time T, S(T) refers As stated, this study focused on the gbMSM population. We assumed that β, the transmission probability per risky contact, was 1.43% [27] . To provide a more complete picture of the potential impact of initiating gbMSM on INSTI-based regimens, we estimated the average number of new HIV infections from one individual during the first six months since ART initiation (i.e., T), based on different assumptions regarding: (1) S(T), the number of susceptible partners having condomless anal sex: ranging from 0 to 20; (2) r(T), the average number of condomless anal sex acts per partner in the last six months: ranging from 0 to 120; (3) viral load at ART initiation (log 10 transformed): low (b4 log 10 copies/mL), medium (4-5 log 10 copies/mL), and high (≥ 5 log 10 copies/mL); and (4) I, the stage of HIV infection at ART initiation: early, and chronic to late stages. Nonzero values of the number of susceptible partners and condomless anal sexual acts per partner were estimated from available literature [28] [29] [30] . Note that in these models, we did not change the degree of sexual activity by health status (e.g., CD4 level), as this information was not built into the model.
Sensitivity analysis
Since R(viral load(t), I), P and E are related to each other, we performed univariate sensitivity analyses on P to show how the model can be affected by the uncertainty of parameters and model assumptions. The sensitivity analyses were done for the individual with high viral load (≥ 5 log 10 copies/mL) at ART initiation, who has an average of 10 partners and 60 condomless anal sex acts per partner during six months. We varied the following parameters: (1) the risk of HIV transmission at the peak (i.e., highest viral load) of the early (from 26 to 12.6 and 56.6) and late (from 7 to 3.8 and 14.3) stages in the Wilson et al. and Fraser et al. models; (2) the viral load in the chronic stage was changed to 3.7 and 4.8 log 10 copies/mL, in comparison to 4 log 10 copies/mL in the original setting; and (3) the transmission probability per risky contact was changed from 1.43% to 0.48% and 2.85% based on the 95% confidence interval from the literature [22, 27, 31] . 
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Results
Study population characteristics
Overall, 1459 ART-naïve individuals initiated treatment in BC between January 1, 2011 and December 31, 2016. Among these, 83% were male, 30% were gbMSM, 59% were age between 30 and 49 years, 46% presented to treatment with b350 CD4 cells/mm 3 , 32% presented to treatment with viral load ≥5 log 10 copies/mL, 26% started treatment with INSTI-based regimens, and 89% achieved virologic suppressed at six months ( Table 1 ). The median number of viral load tests, during the first year, among those starting on INSTI and non-INSTI based ART was 5 (25th-75th percentile: 4-6; range 2-13) and 5 (25th-75th percentile: 4-6; range 1-15), respectively. In bivariable analyses, individuals aged 50 years or older, those who self-identify as gbMSM and in the Other category, and individuals who achieved viral suppression within six months were more likely to initiate ART on INSTI-based regimens (Table 1) . Table 2 summarizes the characteristics of the 1459 individuals by time from ART initiation to virologic suppression, if applicable. Those Fig. 2 . Trajectory in the mean log 10 -transformed viral load, and associated 95% Bayesian credible interval for the mean (grey area around each trajectory), from ART initiation to six months of follow-up. Individual viral load trajectories are shown in the background. A) All individuals included; B) including those with low viral load level (b4 log 10 copies/mL) at ART initiation; C) including those with medium viral load level (4-5 log 10 copies/mL) at ART initiation; D) including those with high viral load level (≥5 log 10 copies/mL) at ART initiation.
Characteristics by time to virologic suppression
Table 3
Average probability of HIV transmission per condomless anal sex act during the first six months since ART initiation, estimated by two mathematical models (Wilson et who initiated ART on INSTI-based regimens were more likely to achieve virologic suppression within three months since ART initiation in comparison to other regimens, regardless of the specific INSTI ingredient. For other variables, please see Table 2 . Fig. 2 shows the estimated trajectory in viral load (log 10 transformed) during the first six months since ART initiation in our entire cohort. Overall, the average time to virologic suppression for individuals who initiated ART on INSTI-based regimens was 21.4 days (95% CI 19.9-23.2) relative to 58.6 days (95% CI 54.1-62.2) for those who initiated on non-INSTI regimens ( Fig. 2A) (P-value for difference b 0.0001). In comparison, the average time to virologic suppression for individuals with low viral load at ART initiation (b4 log 10 copies/mL) was much shorter: 11.0 days (95% CI 9.5-13.2) for those on INSTI regimens and 16.1 days (95% CI 13.9-18.4) for those on non-INSTI regimens (Fig. 2B) (P-value b0.0001) . Additionally, for those who initiated ART with high viral load (≥ 5 log 10 copies/mL), the average time to virologic suppression was much longer: 35.2 days (95% CI 29.8-45.7) for those on INSTI regimens and 83.0 days (95% CI 73.7-110.4) for those on non-INSTI regimens (Fig. 2D) (P-value for difference b 0.0001) . 
HIV transmission risk among gbMSM
Next, we estimated the average probability of HIV transmission per condomless anal sex act (multiplied by 100) during the first six months since ART initiation ðPÞ utilizing the two mathematical models previously defined (Table 3) . Under the assumption of the Wilson et al. model, the impact of INSTI-based regimens on the referred probability was significant for medium and high viral loads (i.e., the 95% CI does not cross each other). For example, if the individual was diagnosed in the early stage of HIV infection with a viral load ≥ 5 log 10 copies/mL, by initiating ART on INSTI-based regimen instead of other regimens, the average probability of HIV transmission would be reduced from 0.381 (95% CI 0.334-0.432) to 0.257 (95% CI 0.217-0.307) (33% reduction). Under the assumption of Fraser et al., the impact of INSTI-based regimens was significant only for high viral load levels, with 25% of reduction in the average probability regardless of the stage of HIV infection. Fig. 3 (Wilson et al.) and Fig. 4 (Fraser et al.) show the average number of new HIV infections for a gbMSM experiencing the early stage of HIV infection during the first six months since ART initiation, taking into consideration different levels of sexual behaviour risk, viral load at ART initiation and the type of initial ART regimen. Based on the (Fig. 4 (E) and (F) ). The results for the chronic and late stages are presented in Figs. 5 and 6.
Sensitivity analysis
We performed sensitivity analyses on the average probability of HIV transmission per condomless anal sex act (multiplied by 100) during the first six months since ART initiation ðPÞ by varying the HIV transmission probability at the peak viral load (i.e., 7 log 10 copies/mL), the viral load in the chronic stage, and the transmission probability per risky contact for gbMSM population (Table 4) . We found that regardless of the stage of HIV infection, the type of regimen and the type of model, the parameter most sensitive in the model was the assumed transmission probability per risky contact. However, the benefit of initially using INSTI-based regimens, especially among gbMSM with high initial viral load, did not change based on these results.
Discussion
This combined modeling and population cohort-based study shows that initiating ART with INSTI-based regimens can potentially reduce HIV transmission risk significantly when compared to non-INSTI regimens. However, this was highly dependent on viral load at ART initiation and the individual's risk level, and to a lesser extent on the stage of HIV infection. Our large population-based analysis confirmed previous studies showing faster virologic suppression following the initiation of INSTI-based ART relative to those who initiate with other frequently used first-line regimens [13] . Combining this result with an estimation of viral load-dependent probability of HIV transmission focusing on the gbMSM population, we found that the average probability of HIV transmission during the first six months after ART initiation can be reduced by at least 25% for a person with high viral load level if INSTIbased ART regimens could be used. We also estimated the average number of new HIV infections during the first six months since ART initiation accounting for different levels of risky sexual behaviour. Our results showed that the highest impact of initiating ART on INSTI-based regimens was among gbMSM with a high viral load at ART initiation and with considerable high-risk behaviour, regardless of the stage of HIV infection.
To the best of our knowledge this is the first study comparing the HIV transmission risk of individuals on INSTI-based regimens to other first-line used regimens, during the period between ART initiation and virologic suppression, using a modeling approach. By estimating the average number of new HIV infections, which incorporated the relationship among HIV transmission, viral load and sexual risky behaviours, we quantitatively measured the impact of INSTI-based regimens on the reduction of HIV transmission risk, which is not negligible within the first months of ART initiation. Our results suggest that a significant amount of transmission risk can be averted simply by the choice of initial ART regimen in specific settings, particularly for high risk individuals.
Our results have potentially important implications. From a public health perspective, controlling the HIV pandemic has become a critical priority for the global community. This was formally confirmed by the adoption of the UN resolution entitled "Political Declaration on HIV and AIDS: On the Fast Track to Accelerating the Fight against HIV and to Ending the AIDS Epidemic by 2030" at the UN General Assembly in June 2016 [32] . Despite the recent global decline in new HIV infections, the current pace may not be sufficient to meet the UN Target, thus potentially jeopardizing the goal of ending the AIDS epidemic by 2030 [33] . Within this context, our results present potential opportunities to further prevent new HIV infections by reducing HIV transmission risk from newly diagnosed individuals. Indeed, it was recently announced that at least one of the INSTI class agents will be made available to low and middle income countries at a substantially reduced cost, making it possible to offer INSTI-based regimens as a first line option in such settings [33] . However, our results also demonstrated that besides the stage of HIV infection and viral load levels, the transmission risk was affected by other factors, such as risky sexual behaviours among the gbMSM population, which indicated that the impact of INSTI-based regimens should be assessed separately among groups with different risk exposures, such as heterosexual individuals or PWID.
This study has some limitations. First, to account for the uncertainty in the relationship between HIV transmission risk and viral load level, we utilized two very different mathematical models and conducted univariate sensitivity analyses on multiple parameters. Under both models, our results were consistent, especially for high viral loads. Second, we were unable to account for time-varying behaviour change due to factors such as ART optimism and use of pre-exposure prophylaxis by their negative partners. However, by estimating the average number of new HIV infections for different risky sexual behaviours, we could provide boundaries of transmission risk if sexual behaviour changes over time. Third, since we only considered ART naïve individuals in our analysis, we did not take into consideration the trajectories of individuals who failed on other regimens and started on INSTI-based regimens. We believe that by concentrating on ART naïve individuals, we eliminated some biases that may have played a role in explaining the trajectories of the non-naïve individuals. Finally, confounder by indication may have played a role in this study. Being older may be associated with a lower number of sexual acts in comparison to younger individuals, and these individuals are more likely to be prescribed INSTI-based regimens to minimize the risk of adverse drug reactions due to their comorbid conditions. However, our model is an average model and we present a range of sexual activity, and thus, we believe that this effect did not affect our results.
In conclusion, our results confirm that individuals on INSTI-based regimens can achieve faster virologic suppression than other commonly used first-line ART regimens, and there is the potential to avert onward HIV transmission, especially among individuals with high viral load partaking in high risk behaviour.
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